Livestock and poultry farming sectors are among the largest anthropogenic methane (CH 4 ) emission sources, mainly from enteric fermentation and manure management. Previous inventories of CH 4 emission were generally based on constant emission factor (EF) per head, which had some weaknesses mainly due to the succession of breeding and feeding systems over decades. Here, more reliable long-term changes of CH 4 emissions from livestock and poultry farming in Beijing are estimated using the dynamic EFs based on the Intergovernmental Panel on Climate Change (IPCC) Tier 2 method, and high-resolution spatial patterns of CH 4 emissions are also estimated with intensive field survey. The results showed that the estimated CH 4 emissions derived by dynamic EFs were approximately 13-19% lower than those based on the constant EF before 2010. After 2011, however, the dynamic EFs-derived CH 4 emissions were a little higher (3%) than the constant EF method. Temporal CH 4 emissions in Beijing had experienced four developing stages (1978-1988: stable; 1989-1998: slow growth; 1999-2004: rapid growth and reached hot moments; 2005-2014: decline) during 1978-2014. Over the first two decades, the contributions of pigs (45%) and cattle (46%) to annual CH 4 emission were similar; subsequently, the cattle emitted more CH 4 compared to the pigs. At a spatial scale, Shunyi, Daxing, and Tongzhou districts with more cattle and pigs are the hotspots of CH 4 emission. In conclusion, the dynamic EFs method obviously improved the spatio-temporal estimates of CH 4 emissions compared to the constant EF approach, and the improvements depended on the period and aquaculture structure. Therefore, the dynamic EFs method should be recommended for estimating CH 4 emissions from livestock and poultry farming in the future.
Introduction
Methane (CH 4 ) has a 28-fold greater global warming potential than carbon dioxide (CO 2 ) on a centennial scale and is the second most important greenhouse gas, contributing approximately one-third of the total radiative forcing since 1750s [1] . Furthermore, CH 4 affects the chemical composition of the atmosphere [2] . Global atmospheric CH 4 concentration has nearly tripled since the Industrial Revolution [1], of which 50-65% of the total CH 4 emission was attributed to intensive anthropogenic sources in the past three decades [3, 4] . Therefore, in the context of climate change and regional By the end of 2018, Beijing had a resident population of 21.5 million and a population density of 1313 people km −2 . According to the Beijing Municipal Bureau of Land and Resources "Beijing Land and Resources Yearbook-2014" data, the agricultural and forestry area is the largest. Among them, cultivated land, garden land, and forest land account for 13.4%, 8.2%, and 44.9% of the total area, respectively. The construction lands account for 18.5% of the total land area, followed by water and water conservancy facilities (5.5%), and the other land area accounts for only 2.1%. Livestock and poultry farming in Beijing mainly include pigs, cattle, sheep, and poultry (chicken, duck, etc.,). To further produce meat and milk and provide employment opportunities, the number of breeding professional villages and aquaculture cooperative economic organizations in Beijing, especially in the suburbs, has increased rapidly [17] . At the same time, environmental problems such as insufficient livestock manure load tolerance and sewage pollution have also emerged. Therefore, China's "Laws and Animal Husbandry Plan during the 13th Five-Year Plan" also proposed corresponding countermeasures such as transformation and upgrading and green development including greenhouse gas emission reduction.
Data Collection
The spatio-temporal data of the livestock and poultry farming were collected using two approaches. First, the high-resolution spatial datasets during 2010-2014 were obtained by intensive field inventory survey of all aquaculture enterprises in the entire Beijing Municipality, including five types of livestock and poultry: meat cattle, dairy cattle, pigs, meat chickens, and laying hens. During the intensive field inventory survey, the data of annual breeding quantity (heads), breeding cycle, output amount, supporting agricultural utilization modes, and sewage treatment way were all collected. Second, the long-term (1978-2009) data of the livestock and poultry farming were collected based on the official statistical yearbook (Beijing Rural Statistical Yearbook 1978 -2009 , Beijing Statistics Yearbook 2005 , China Agricultural Statistical Yearbook, 1980 and previous published articles [9, 11, 12 ].
Estimation of CH 4 Emission
The CH 4 emissions were estimated using the IPCC Tier 2 combined with the "Guidelines for the preparation of provincial greenhouse gas inventories" (No.
[2011]1041) (hereinafter referred to as the "Guidelines") issued by the state in May 2011. The IPCC Tier 2 derived from IPCC has become a reliable and widely adopted method for estimating greenhouse gas emissions. The "Guidelines" can provide more reliable local EFs. Referring to the methane emission factors of intestinal fermentation and fecal management of different animals in Chinese Guidelines, the methane emission factors of different livestock and poultry from 1978 to 2014 were validated using the IPCC Tier 2. It was found that the methane emission factors given in the "Guidelines" were highly consistent with the results of 2010 after correction, which also explains the reference value of the "Guidelines" to some extent. Therefore, the combination of the above two methods is necessary for accurately estimating the spatio-temporal patterns of CH 4 emissions in the Beijing Municipality.
The annual CH 4 emissions from livestock and poultry are the sum of CH 4 effluxes from enteric fermentation and manure management [9] . Therefore, the annual total amount of CH 4 emissions is summed by the source emissions using Equation (1):
where E methane is the annual total CH 4 emissions of livestock and poultry, Gg yr −1 ; EF j,k is the annual CH 4 emission factor of each livestock and poultry head k with j source, kg head −1 yr −1 ; j indicates animal intestinal fermentation or animal manure management; k is the type of livestock and poultry (dairy cattle, meat cattle, pigs, meat chickens, and laying hens); N k is the number of annual livestock, head. The annual scale breeding quantity (heads) (N k ) were estimated using breeding cycles and slaughter data for different livestock and poultry farms according to Equation (2): 
where, N k is the estimated annual feeding amount of a livestock and poultry, head; M is the surveyed actual stock of livestock and poultry, head; F is the surveyed actual breeding cycle of a specific type of livestock and poultry, day.
Data Analysis
The temporal patterns of CH 4 emissions from livestock and poultry farming calculated by the IPCC Tier 1 and the IPCC Tier 2 were compared. The spatial patterns of animal stock and CH 4 emissions of livestock and poultry farming were analyzed and shown using Global Positioning System (GPS) and Geographic Information System (GIS) 10.2 (ArcMap, ESRI, MA). Figures were prepared in ORIGIN 9.0 (OriginLab Corporation, Northampton, MA).
Results

Spatio-Temporal Distribution and Stock of Livestock and Poultry Farming
The livestock and poultry farming enterprises were distributed in the suburb areas of Beijing Municipality in the years 2010-2014 ( Figure 1 ). The farming enterprises of pigs, meat cattle, most dairy cattle, and laying hens were distributed mainly in the plains of southeastern Beijing, especially for the Pinggu, Shunyi, Tongzhou, Daxing, and Fangshan districts ( Figure 1 ). Meat chickens were distributed mainly in the mountain areas in Miyun, Huairou, Yanqing, and Mentougou districts. The number of entire farming enterprises in Beijing changed little during the past five years, with a coefficient of variation (CV) of 7% (Table 1) . And the CV values of meat cattle, dairy cattle, pigs, meat chickens, and laying hens were 16%, 5%, 7%, 21%, and 8%, respectively ( Table 1) .
The livestock and poultry farming productions in Beijing did not change much during the past five years (Table 2) , which was basically similar as the enterprise numbers. At a spatial scale ( Figure 2 ), meat cattle are mainly distributed in the southeastern plain area of Beijing (especially in Huoxian and Weishanzhuang towns), while the dairy cattle are located around the central urban area of Beijing. The farming volume of meat cattle is smaller than that of the dairy cattle (Figure 2a ,b). The swine farming has a relatively dispersed pattern in the entire suburb of Beijing Municipality (Figure 2c ). The broiler and laying hens are mainly located in the north mountain areas of Beijing Municipality (Figure 2d ,e), which have the highest breeding densities. 
Where, Nk is the estimated annual feeding amount of a livestock and poultry, head; M is the surveyed actual stock of livestock and poultry, head; F is the surveyed actual breeding cycle of a specific type of livestock and poultry, day.
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Spatio-Temporal Distribution and Stock of Livestock and Poultry Farming
The livestock and poultry farming enterprises were distributed in the suburb areas of Beijing Municipality in the years 2010-2014 ( Figure 1 ). The farming enterprises of pigs, meat cattle, most dairy cattle, and laying hens were distributed mainly in the plains of southeastern Beijing, especially for the Pinggu, Shunyi, Tongzhou, Daxing, and Fangshan districts ( Figure 1 ). Meat chickens were distributed mainly in the mountain areas in Miyun, Huairou, Yanqing, and Mentougou districts. The number of entire farming enterprises in Beijing changed little during the past five years, with a coefficient of variation (CV) of 7% (Table 1) . And the CV values of meat cattle, dairy cattle, pigs, meat chickens, and laying hens were 16%, 5%, 7%, 21%, and 8%, respectively (Table 1) . The livestock and poultry farming productions in Beijing did not change much during the past five years (Table 2) , which was basically similar as the enterprise numbers. At a spatial scale ( Figure  2 ), meat cattle are mainly distributed in the southeastern plain area of Beijing (especially in Huoxian and Weishanzhuang towns), while the dairy cattle are located around the central urban area of Beijing. The farming volume of meat cattle is smaller than that of the dairy cattle (Figure 2a,b) . The swine farming has a relatively dispersed pattern in the entire suburb of Beijing Municipality ( Figure  2c ). The broiler and laying hens are mainly located in the north mountain areas of Beijing Municipality (Figure 2d ,e), which have the highest breeding densities. 
Temporal Pattern of CH 4 Emission from Livestock and Poultry Farming
The estimated annual total CH 4 emissions based on both the constant and dynamic EFs had similar temporal patterns over the past four decades (Figure 3a) . The annual CH 4 emission from livestock and poultry farming in Beijing had experienced four developing stages (1978-1988: stable; 1989-1998: slow growth; 1999-2004 : rapid growth and reached hot moments; 2005-2014: decline) from 1978 to 2014. However, the dynamic EFs-derived annual total CH 4 emissions were approximately 13-19% (mean of) lower than the constant EF method before 2010 (Figure 3a) . In contrast, the dynamic EFs-derived annual total CH 4 emissions were a little higher (3%) than the constant EF method after 2011 (Figure 3a) . Approximately over the first two decades, the contributions of pig and cattle to annual CH 4 emission were similar (approximately 40-60%), however, the cattle sector emitted more CH 4 (45-67%) compared to the pig sector after 1999 (Figure 3b ). The broiler and laying hens contributed less than 20% of the annual CH 4 emission from the whole livestock and poultry farming (Figure 3b ). The CH 4 emission from the meat cattle, dairy cattle, pigs, and meat chickens all decreased during 2010-2014, while CH 4 emission from the laying hens increased ( Table 3 ).
The estimated annual total CH4 emissions based on both the constant and dynamic EFs had similar temporal patterns over the past four decades (Figure 3a) . The annual CH4 emission from livestock and poultry farming in Beijing had experienced four developing stages (1978-1988: stable; 1989-1998: slow growth; 1999-2004 : rapid growth and reached hot moments; 2005-2014: decline) from 1978 to 2014. However, the dynamic EFs-derived annual total CH4 emissions were approximately 13-19% (mean of) lower than the constant EF method before 2010 (Figure 3a) . In contrast, the dynamic EFs-derived annual total CH4 emissions were a little higher (3%) than the constant EF method after 2011 (Figure 3a) . Approximately over the first two decades, the contributions of pig and cattle to annual CH4 emission were similar (approximately 40-60%), however, the cattle sector emitted more CH4 (45-67%) compared to the pig sector after 1999 ( Figure  3b ). The broiler and laying hens contributed less than 20% of the annual CH4 emission from the whole livestock and poultry farming (Figure 3b ). The CH4 emission from the meat cattle, dairy cattle, pigs, and meat chickens all decreased during 2010-2014, while CH4 emission from the laying hens increased (Table 3) . 
Spatial Pattern of CH 4 Emission from Livestock and Poultry Farming
The annual CH 4 emission from livestock and poultry farming in Beijing had similar distribution during the past five years (Figure 4 ). The hotspots of annual CH 4 emission from livestock and poultry farming were Shunyi (4.73 t km −2 ), Daxing (3.44 t km −2 ), and Tongzhou (3.32 t km −2 ), which is approximately triplex of the mean CH 4 emission in whole Beijing area ( 
Discussion
Temporal CH4 Emission of Livestock and Poultry Farming
Nowadays, the development of low-carbon economy has become a global consensus, and the aquaculture sustainability is getting more and more attention especially in the context of climate change and regional atmospheric environment. As the capital of China and an international metropolis, Beijing is facing double pressures of rapid development and greenhouse gas emission reduction in livestock and poultry breeding [12] . Reduction of greenhouse gas emission is considered as an arduous and urgent task for the Chinese livestock industry [18] . Despite of different methods of IPCC Tier 1 (constant EFs) and Tier 2 (dynamic EFs) [19, 20] , the present study obtained similar temporal patterns of annual CH4 emissions (10-36 Gg) (Figure 3a) . However, the annual CH4 emissions in this study derived from the lower dynamic EFs were approximately 13-19% lower than the previous results [12] based on the constant EF before 2010 (Figure 3) . In contrast, after 2011, the dynamic EFs-derived annual total CH4 emissions were a little higher (4-11%) than the constant EF method, which might due to the corresponding higher EFs of cattle. Although the proportion of meat cattle farming decreased gradually, the higher EFs still lead to the increases of CH4 emissions, indicating that the considerable importance of EFs resulted from the cattle breeding, feeding, and production methods in this region. Furthermore, because of the high-resolution field survey in the present research, the estimating accuracy of CH4 emissions from the livestock and poultry farming is much improved compared with previous studies which used the datasets of statistical yearbooks.
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Nowadays, the development of low-carbon economy has become a global consensus, and the aquaculture sustainability is getting more and more attention especially in the context of climate change and regional atmospheric environment. As the capital of China and an international metropolis, Beijing is facing double pressures of rapid development and greenhouse gas emission reduction in livestock and poultry breeding [12] . Reduction of greenhouse gas emission is considered as an arduous and urgent task for the Chinese livestock industry [18] . Despite of different methods of IPCC Tier 1 (constant EFs) and Tier 2 (dynamic EFs) [19, 20] , the present study obtained similar temporal patterns of annual CH 4 emissions (10-36 Gg) (Figure 3a) . However, the annual CH 4 emissions in this study derived from the lower dynamic EFs were approximately 13-19% lower than the previous results [12] based on the constant EF before 2010 (Figure 3) . In contrast, after 2011, the dynamic EFs-derived annual total CH 4 emissions were a little higher (4-11%) than the constant EF method, which might due to the corresponding higher EFs of cattle. Although the proportion of meat cattle farming decreased gradually, the higher EFs still lead to the increases of CH 4 emissions, indicating that the considerable importance of EFs resulted from the cattle breeding, feeding, and production methods in this region. Furthermore, because of the high-resolution field survey in the present research, the estimating accuracy of CH 4 emissions from the livestock and poultry farming is much improved compared with previous studies which used the datasets of statistical yearbooks.
From the early 1960s to the mid-2000s, the global average carcass weight of meat cattle increased by 30%, and the milk yield per head cow also increased by 30% [21] . The growth in meat and milk demand may not slow down until 2050s [22] [23] [24] . In this global context of the growing demand for livestock products and breeding improvements [21] , the estimates of CH 4 emissions derived by IPCC Tier 2 should be more reliable than that of the IPCC Tier 1. Over the past four decades, the dynamic EFs of CH 4 emission (intestinal fermentation and fecal management), driven by increasing body size and milk production per head increased for all types of livestock [9] . However, these dynamic EFs from the IPCC Tier 2 were lower than the constant EFs derived from the IPCC Tier 1. The corrected dynamic EFs were slowly increasing due to changes in farming techniques and dietary structure until it reached and exceeded the constant EFs around 2008, which partially explains the lower estimated CH 4 emissions in the present study ( Figure 3a ). In addition, the changes in the livestock and poultry farming composition/structure (especially the proportion of cattle and pig) might be the main reason for the lower estimated CH 4 emissions of the present study. The result of the correction of the total amount of methane emissions over the original calculation results before and after 2011 is due to the continuous increase of the cattle EFs. Although the proportion of meat cattle is gradually decreasing, the superposition of the above factors still leads to the total amount of methane emissions. The increase indicates that the proportion of cattle breeding, feeding, and production methods has a considerable impact on the total amount of methane emissions in the region. In summary, factors such as the decrease of cattle breeding scale with higher EFs, the increase of livestock and poultry breeding quantity with lower EFs all have a certain impact on the results of this study. Therefore, the reliable EFs derived by the IPCC Tier 2 should be recommended in other regions in order to get more actual estimates of CH 4 emissions.
The present study showed that the time series of CH 4 emission from livestock and poultry had four periods and reached its peak in 2003, which is generally consistent with the previous long-term results in China as well as its specific areas [9, 16, 18] and in East Asia [25] . However, there was a fluctuating upward trend in the 1990s and reached a hot moment in 2003, which was different from the result in Taiwan with an early peak in 1996 [16] . In contrast, the peak appearing period in Beijing in the present study is earlier than that in East Asia [25] . These different hot moments (peak appearing periods) may be explained by their corresponding temporal variations of economic and social development and environmental protection. Earlier hot moment might have resulted from earlier economic and social development and later environmental protection. In 2003 (hot moment in both Beijing and entire China), the amount of CH 4 emissions from livestock and poultry were comparable between China and India [18, 26] .
Compared with the existing studies in China and other countries in East Asia, our results on CH 4 emissions from livestock and poultry in Beijing, including types of livestock and poultry, main sources, emission coefficients, and overall trends are similar. The reliable estimated CH 4 emissions from the livestock and poultry farming provide information that might be used in aquaculture sustainability as well as in dealing with climate change and regional atmospheric environment in Beijing in the future. However, there are still uncertainties in the estimation process, such as the consideration of factors such as age and sex ratio in the composition of livestock. To reduce the uncertainties in inventory of CH 4 emissions, it may be necessary to build up more detailed datasets for livestock population and feeds for livestock [27] .
Spatial CH 4 Emission of Livestock and Poultry Farming
There was a heterogeneous spatial pattern of CH 4 emission from livestock and poultry farming in Beijing, which may be due to its complex terrain. The present study showed that the livestock and poultry production is mainly distributed in the suburbs of Beijing. Among them, cattle and pigs are the important sources of CH 4 emission; so the southeastern plain area and the periphery of central urban area are the hotspots of CH 4 emission. This is basically consistent with previous studies on the Red River Delta [10] and Qinhuangdao City [28] . This result is because of the improvement in industrial technology level and efficient intensive management mode, due to which large-scale modern construction farms with a certain scale and level could be formed. The above shows that natural conditions have certain constraints on agricultural development, and the coupling relationship between different terrain and different types of livestock and poultry breeding ultimately results in uneven distribution of farming around the city. In addition, according to the results of the study in China [29] , it was found that the high CH 4 emission concentrated areas were mainly in North China, Northeast Plain, and Southwest China, and cattle were the main sources of animal-derived methane emissions, which also explains to some extent that geographical location and climate advantages affect the distribution of livestock and poultry farming.
In addition, from the current distribution of livestock and poultry farming in Beijing, the distribution pattern should not change significantly in a short period of time. However in the long run, the total amount of livestock farming may decrease with the enhancement of ecological awareness and introduction of relevant management policies, and some industries with more serious pollution will transfer industries. For the characteristics and problems of CH 4 emission from livestock and poultry farming in Beijing, the author hopes that the series of studies in this paper can provide more accurate data on greenhouse gas emission reduction and trade cooperation between provinces, cities, and even countries in the future, and provide guidance for future regional trade. On the other hand, it will provide some guidance for the overall quality control of the atmospheric environment in Beijing, Tianjin, and Hebei in the future. It is hoped that relevant departments will pay attention to it in the future policy formulation and related planning.
Conclusions
Over the past 40 years, the dynamic EFs approach (IPCC Tier 2) obviously improved the spatio-temporal estimates of CH 4 emissions from livestock and poultry farming in Beijing Municipality of China compared with the constant EF method (IPCC Tier 1). The dynamic EFs-estimated CH 4 emissions were approximately 13-19% lower than that of the constant EF before 2010. In contrast, the dynamic EFs-derived CH 4 emissions were a little higher (3%) than the constant EF method after 2011. These temporal differences were attributed to the aquaculture development period (breeding and feeding improvements) and structure (proportion of cattle, pig and poultry). Therefore, the dynamic EFs method should be recommended for estimating CH 4 emissions in the future. At spatial scale, the hotspots of CH 4 emission were located in Shunyi, Daxing, and Tongzhou districts, which had more cattle and pigs. In summary, the reliable estimated CH 4 emissions from the livestock and poultry farming provide important information for aquaculture sustainability as well as dealing with climate change and atmospheric environment in Beijing in the future.
